The transport and metabolism of xylem-borne amino compounds and sucrose were investigated in rapidly growing shoots of cottonwood (Populus deltoides Bartr. ex Marsh.). '4C-labeled glutamine, threonine, alanine, glutamic acid, aspartic acid, and sucrose were applied to the base of severed stems for transport in xylem. Distribution and metabolism of the compounds were followed with autoradiography, microautoradiography, and radioassay. Three utilization patterns were observed: (a) little alanine and sucrose was transported to the laminae of either mature leaves or developing leaves. These compounds were taken up from xylem free-space and utilized in adjacent tissue; (b) threonine also did not move into mature leaves but was translocated to developing leaves or utilized in the stem; (c) glutamic acid and aspartic acid were transported directly into the laminae of mature leaves via the xylem. Relatively less "C was retained in stems compared to the other compounds.
The transport of nitrogenous compounds from root to shoot in xylem and the transfer of these compounds from xylem to phloem in the shoot has been investigated with intensive studies on legumes using modern techniques for the efficient collection of xylem and phloem sap (20) . Such studies have examined in detail the movement of nitrogen from root to shoot and the cycling of both nitrogen and carbon within the plant (12, 16, 18, 29) . Similar intensive studies have not been conducted on nonleguminous plants or trees. Most studies on the transport of nitrogen in trees have examined either naturally occurring products in xylem sap (2, 6, 24) , followed changes in nitrogen transport after different fertilizer treatments (10, 28) , or studied stem extracts of nitrogen storage products (7, 15, 23) .
The two amides, glutamine and asparagine, -are major transport compounds in trees and many other woody plants (24) . These amides, as well as some other amino acids, move readily in both xylem and phloem to developing tissues (16) . However, initial distribution within the plant differs considerably among plant species. For example, from 30 to 40% of the glutamine fed to severed lupin stems passed through the stem xylem and into mature leaves (12) . In contrast, glutamine fed to cottonwood was largely removed from the xylem in the stem (5) . Several other amino acids commonly found in xylem sap also differ widely in transport characteristics. For example, aspartic acid fed to the xylem of severed lupin stems accumulated primarily in the leaf mesophyll while arginine accumulated in stem and leaf vascular tissue (12) . Metabolism of xylem-borne amino acids can also differ both during and after transport. Sharkey and Pate (26) found that asparagine was largely transferred unchanged from xylem to phloem while aspartic acid was metabolized to several other products before loading into the phloem. Our objective was to follow the transport, uptake, and metabolism of sucrose and the major amino acids found in cottonwood xylem sap after application of these '4C-labeled compounds to the bases of severed stems. Bartr. ex Marsh.) were grown from seed in a controlled environment room under conditions previously described (5) . However, in the present series of experiments, the plants had eight mature leaves (LPIs ' 7-14) attached during treatment compared to three or seven mature leaves per plant in previous experiments. (5) .
MATERIALS AND METHODS Plant Material. Cottonwood plants (Populus deltoides
Application of Radioactive Compounds. Early in the treatment day, plants were removed from the growth room and preconditioned as before (5) . After Table I ). (b) Threonine also did not accumulate in mature leaves but rapidly accumulated throughout the lamina in young developing leaves (Fig. 1B) . (c) '4C from glutamic and aspartic acid rapidly accumulated in the mesophyll of mature leaves (Fig. IC) .
The accumulation patterns of aspartic acid or glutamic acid indicated both xylem and phloem transport. In mature leaves, some loading was apparent in the major laterals and midvein after 1 h (Fig. IC) ; however, most of the '4C remained in the interveinal mesophyll. In developing leaves, initial accumulation of glutamic or aspartic acid (after 0.5 h) was primarily in lamina tips and marginal glands indicating xylem transport. Labeling of leaf glands was most noticeable in aspartic acid-treated plants (LPIs 0-2, Fig. 1C ). With longer treatment time (3 h), '4C concentration increased in the smaller veins and mesophyll.
The distribution of'4C in the leaves after xylem-feeding sucrose differed from that obtained with amino acids. The major veins of all mature leaves were rapidly labeled (Fig. ID) ; the '4C from sucrose was confined to the veins and did not move into the interveinal mesophyll even after 3 h. Initially (after 0.5 h), young developing leaves contained little '4C, and that present was confined to the vascular tissue. At 3 h, vein labeling had increased and some '4C had accumulated in the interveinal mesophyll.
Specific activity of '4C in the laminae quantitatively confirmed the autoradiographic patterns (compare Fig. 1 with Table I Specific activities in different-aged stem segments show that more alanine, threonine, and sucrose accumulated throughout the lower stem-LPIs 9 and 12-compared to glutamic and aspartic acid (Table I) .
Comparing specific activities of aspartic acid and threonine after 0.5 h in a series of leaves differing widely in age showed that the concentration of aspartic acid was directly related to leaf size and/or transpiration rate (Table II) . 14C increased in the youngest leaves of aspartic acid-treated plants only after prior movement into mature leaves and retransport in the phloem. In contrast, little threonine moved into the older leaves but rapidly accumulated in young developing leaves.
Microautoradiography of Stem and Leaf Tissues. Microautoradiography showed that alanine and threonine uptake by the stems was similar. "4C rapidly accumulated in the xylem parenchyma, rays, and differentiating cells of the cambial zone in the lower stem (Fig. 2, A 14C from aspartic and glutamic acid was widely scattered throughout the stem tissue (Fig. 3A) , with accumulations in outer pith, metaxylem parenchyma, rays, cambium, and phloem. In the upper stem (internode at LPI 3), most 14C was in the phloem (Fig. 3B ). Transfer to phloem occurred in recently matured leaves. Microautoradiography of a major lateral vein and petiole of a leaf at LPI 8 after 1 h showed little 14C from aspartic acid present in the xylem but high concentrations in the phloem (Fig. 3 , C-E). The highest '4C concentrations were in phloem of the dorsal bundles of the petiole, indicating that loading and retransport was taking place primarily in the apical portion of the lamina, an area of relatively older tissue.
Sucrose accumulated in differentiating cells of the secondary xylem of the lower stem (Fig. 4A) , and in differentiating sclerenchyma cells located in the protoxylem region of the oldest leaf traces (Fig. 4A, arrow) . In contrast to the amino acids, little sucrose was found in metaxylem parenchyma, older ray tissue, cambium, or phloem. Farther up the stem, in primary tissue of the internode at LPI 5, most 14C was found in traces serving leaves at LPIs 5 and 4, leaves with substantial transpiration (Fig.   4B ). Within these traces, 14C was concentrated in the walls of differentiating metaxylem vessels and in vessel-associated parenchyma (Fig. 4B) . Some "4C was present in the phloem, presumably the result of retransport from mature leaves lower on the stem.
In the petiole of a mature leaf (Fig. 4C) , "1C accumulated in differentiating cells of the xylem, phloem, and phloem fibers. Much of the "4C apparently was incorporated into developing cell walls (Fig. 4D) Distribution of "'C in Different Chemical Fractions of Leaves amino acids were also rapidly incorporated into protein, particand Stems. In laminae at both LPIs 4 and 8, '4C from the labeled ularly in the developing leaf(LPI 4). "C incorporated into protein amino acids moved rapidly into the organic acid fraction. For in LPI 4 ranged from 27% (aspartic acid) to 70% (threonine).
example, up to 40% of the "'C was found in the organic acids Alanine differed from the other amino acids in the small amount within 0.5 to 1 h when aspartic acid was applied (Table III) other amino acids in leaves. More than 90% of the 14C was still in aspartic acid after 3 h. In stems, however, aspartic acid was converted to glutamic acid and GAB. After 3 h (data not shown), only 30% of the "'C was still in aspartic acid, while glutamic acid and GAB contained 20% and 36%, respectively. Alanine was rapidly converted to glutamic acid and aspartic acid in both young leaf and stem tissues. In contrast to other amino acids, little threonine was converted to either organic acids or to the other amino acids analyzed (Tables III-V) . The small amount of 1"C from sucrose that was incorporated into the amino acid fraction of young leaves and stems (Tables  III and IV) was found in several amino acids (Table V) . The high percentage of 14C in serine is interesting because none of the amino acids contributed significant "'C to serine in any tissue or at any treatment time.
The percentage distribution of "'C among the organic acids often differed between leaves and stems after treatment with a particular amino acid (Table VI) . For example, malic acid was lightly labeled in laminae but heavily labeled in stems after glutamine treatment. In both leaves and stems, malic acid and succinic acid contained high levels of "1C after aspartic acid, alanine, and glutamic acid treatment. Citric acid (from alanine, aspartic acid, and sucrose) and 2-ketoglutaric acid (from glutamic acid and alanine) also contained considerable "1C. Phosphorylated compounds (origin of the TLC plate) were heavily labeled after certain treatments (glutamine and alanine, LPI 8; alanine and aspartic acid, stems; sucrose, both leaves and stems).
DISCUSSION
The nitrogen requirements of different plant parts vary widely, depending on the developmental stage of the particular organ and of the whole plant. Young developing leaves or flowers have low transpiration rates and therefore must receive most of their nitrogen through the phloem (16, 29) . Nitrogen in the phloem of developing leaves originates in mature leaves and from xylem to phloem transfer in the stem (4, 18) .
Uptake from the Xylem and Transfer to the Phloem. Initial uptake from the xylem free-space takes place in the metaxylem, vessel-associated parenchyma, and ray parenchyma. These tissues form the major stem storage pools for both long-term storage in the fall (14, 25) and short-term storage involved in primary xylem to secondary xylem, xylen-to-phloem, and phloem-toxylem transfer. Such storage tissues buffer short-term and diurnal (17) fluctuations of nitrogen in both xylem and phloem.
In developing cottonwood shoots without secondary tissue, the metaxylem parenchyma cells are active in uptake and storage of both amino acids and sugars (Figs. 2-4) . In the lower stem of cottonwood and in other plants with considerable secondary development, the ray parenchyma are the major uptake and storage tissues (5, 8) . Sauter (25) has proposed that initial uptake from the vessels takes place in 'contact cells,' specialized ray cells active ini loading and unloading the vessels. After uptake from the vessels, movement in rays results in both primary xylem-tosecondary xylem and xylem-to-phloem transfer. Autoradiographs of leaves and microautoradiographs of both leaf and stem transections from plants fed different amino acids or sucrose via the transpiration stream illustrate that each of the fed compounds has a somewhat different uptake (movement from the xylem free-space into the symplast) and distribution pattern. Such patterns are the product of the physical environment of the apoplast and the membrane transfer characteristics of the symplast.
Numerous studies have shown that xylem sap is slightly acidic (usual pH range of 5.0-6.0) and is maintained in this acidic state largely through the metabolism of malic acid and other strong organic acids (1, 9, 21 ). The pH of cottonwood xylem sap (5.3-5.6) is near the optimum found for alanine and glutamine uptake by tomato stems (30) . The uptake ofamino acids by cottonwood stems follows the sequence alanine > threonine > glutamic acid > aspartic acid (lower stem, Table I ). This is the same general uptake pattern of basic > neutral > acidic amino acids found in tomato stems (30 (Dickson, unpublished) . All of the amino acids and sucrose in our studies were supplied at low concentrations and high specific activities, which would favor maximum uptake and retention by xylem parenchyma.
Three distribution patterns based on movement into leaves and uptake by stems were observed in cottonwood. (a) Alanine and sucrose were rapidly taken up and retained in the stem and major leaf traces with little movement to either phloem or developing leaves. Threonine and glutamine (5) were rapidly removed from the xylem free-space in the stem and transferred from primary xylem to secondary xylem, from xylem to phloem, then translocated in the phloem to developing leaves. (c) Aspartic and glutamic acid were less readily taken up in the stem and moved into the mature leaves. The movement of aspartic and glutamic acid into mature leaves provided a ready source of amino nitrogen for protein synthesis and maintenance in these leaves. In addition, phloem loading and retransport from these leaves would normally be directed to the lower stem and roots. Thus, aspartic and glutamic acid may be important in recycling amino nitrogen from shoots to roots in cottonwood.
Metabolic Conversion during Uptake and Distribution. Conversion to organic acids or incorporation into protein were the two major metabolic pathways followed by these xylem-applied amino acids (Tables III and IV) . The rapid incorporation of threonine and alanine into protein is consistent with their accumulation in areas of developing tissue of both stems and leaves (Fig. 2) . In addition, these amino acids were probably utilized in protein synthesis by mature parenchyma cells. Similar incorporation into protein of mature tissue was found in Pisum after xylem-feeding several different amino compounds (19) . "'C from sucrose rapidly appeared in most ofthe major chemical fractions, indicating that its utilization was different from that of the amino acids. The large amount of "'C in the residue supports the microautoradiographic evidence for incorporation into developing cell walls (Fig. 4) .
The distribution of 14C within the amino acid and organic acid fractions extracted from different plant tissues showed that conversion of one amino acid to another was limited and largely confined to compounds closely related to the fed compound (Table V) . Glutamine was rapidly deaminated in both leaves and stems and the resulting glutamic acid converted to GAB. This was unexpected because the transport amides are resistant to metabolism (26) . However, a similar conversion was reported for glutamine in pea (29) .
Threonine metabolism was particularly interesting because it was incorporated primarily into protein with little apparent metabolism to other amino acids (Tables III-V) . However, analysis of the individual amino acids of protein extracted from young developing cottonwood leaves (pronase extract, 6 N HCl hydrolysis, TLC separation) showed that more than 50% of the "'C from ['4C]threonine was in isoleucine (Dickson, unpublished) . Threonine contained most of the remainder of the '4C, although small amounts of '4C (up to 9%) were also found in valine. Threonine is readily converted to isoleucine (13) . However, we did not analyze for isoleucine in the soluble amino acid fractions because it is not a major constituent of xylem sap ( Table V) .
All of the organic acids separated by TLC contained some "4c, which indicates the rapid movement of "1C from these xylemfed compounds into the tricarboxylic acid cycle (13) . Malic acid usually contained the most "1C but succinic acid, citric acid and 2-ketoglutaric acid also contained high levels. A similar distribution of "1C in organic acids was found in apple after feeding ["'C]glutamic acid and ["'C]aspartic acid to roots (27) The rapid metabolism of these xylem-borne compounds in cottonwood was consistent with other xylem- (12, 26, 29) or root-feeding (27) studies. Although certain pathways predominate, the transport amino acids-glutamine, asparagine, glutamic acid, and aspartic acid-are major intermediates in nitrogen metabolism and provide direct access to the tricarboxylic acid cycle (13) . Thus, the carbon and nitrogen supplied by these compounds can be transported throughout the plant and converted to almost any final product, depending on the current demands of the plant.
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